Plasmonic lithography may become a mainstream nanofabrication technique in the future. Experimental results show that feature size with 22 nm resolution can be achieved by plasmonic lithography. In the experiment, a plasmonic lens (PL) is used to focus the laser energy with resolution much higher than the diffraction limit and features are created in the thermally sensitive phase-change material (PCM) layer. The energy transport mechanisms are still not fully understood in the lithography process. In order to predict the lithography resolution and explore the energy transport mechanisms involved in the process, customized electromagnetic wave (EMW) and heat transfer (HT) models were developed in COMSOL. Parametric studies on both operating parameters and material properties were performed to optimize the lithography process. The parametric studies show that the lithography process can be improved by either reducing the thickness of the phase-change material layer or using a material with smaller real refractive index for that layer. 
Introduction
Plasmonic lithography may become the next generation nanofabrication technique, mainly because of its ability to overcome the diffraction limit on resolution. During conventional photolithography fabrication, the desired pattern is created using a set of photomasks, which are very expensive and time-consuming to make. Moreover, resolution in photolithography is limited by the diffraction limit [1] . Other nanolithography techniques, such as electron-beam [2] , focused ion-beam [3] , etc, can generate highresolution patterns without using a mask, but their production rates under the serial patterning process are far from the industrial requirement. Plasmonic lithography is capable of generating high resolution patterns at high speed with parallel processing to meet industrial needs [4] .
Despite the promise of plasmonic lithography, the energy transport mechanisms that occur during the process are not well understood. In this paper, a coupled electromagnetic and thermal numerical model is presented that explores mechanisms for optimizing the plasmonic lithography fabrication process.
Three important elements of the plasmonic lithography process are: (1) a coherent laser, (2) a plasmonic lens structure on a metal thin film; this is a concentric grating with a specially designed small aperture, and (3) a substrate on which patterns are generated due to a phase change. The coherent laser pulse excites surface plasmons on the metal thin film, which are focused by the plasmonic lens structure. The substrate is positioned a few nanometers beneath the plasmonic lens, allowing near-field energy to be transported across the gap and absorbed in the PCM. When the temperature of the PCM exceeds a threshold, it experiences a phase change to form the lithography pattern. The size of the phasechange region determines the resolution of the process. Patterns with 22 nm half-pitch resolution have been demonstrated experimentally [5] . In order to predict the lithography resolution, a customized numerical model was developed in COMSOL to solve the coupled electromagnetic and thermal problem. Maxwell's equations were used to model focusing of the laser energy by the plasmonic lens structure and the resulting energy absorption in the PCM. Then, the transient heat conduction equation was solved to obtain the temperature profile in the PCM and thereby determine the size of the phase-change region. Moreover, since the properties of the PCM are not well known, refractive index and thermal conductivity were measured by ellipsometry [6] and the threeomega method [7] , respectively, and used as property inputs.
The numerical model is used to examine the effect of performance when varying different operating parameters, such as laser power, laser pulse duration, laser spot size, the nanometer scale gap size, the thickness of the PCM layer, etc. The effect of the PCM's optical and thermal properties is also examined to account for experimental uncertainty in these values and to consider the possibility of developing improved materials for this process. The model is shown to have value in optimizing the process of plasmonic lithography.
frequency is 160 MHz, and the typical duration of each pulse is 12 ps full width at half maximum (FWHM). The pulsed laser is prefocused by the optical lens to the micrometer scale before reaching the flying head. A plasmonic lens is fabricated on the downward-facing surface of the sapphire flying head, which allows the pulsed laser energy to be further focused down to the nanometer scale. The intensely focused energy causes a phase change in the material on the rotating disk. The flying head is supported by the suspension arm and flies over the rotating disk to create the desired pattern on the phase-change material. Because of the near-field nature of the radiation transmitted through the plasmonic lens, the bottom surface of the plasmonic flying head and the top surface of the rotating disk must be maintained within a few nanometers gap distance. The disk is rotating at a linear speed of about 7 m/s. Since the dimension of the flying head is in the millimeter scale, it is challenging to maintain the nanoscale gap without destructive contact during the lithography process. The solution to this challenge is presented in Ref. [4] . Instead of using a rotating disk, one possible approach is to put the substrate on a linear piezo stage but a rotating disk provides continuous and constant motion without acceleration and deceleration, which is important for increasing the patterning throughput.
The layer structure of the plasmonic lithography process is shown in Fig. 2 . From top to bottom, the plasmonic flying head is made of an approximately 0.5 mm thick sapphire, a 60 nm chromium layer on which the PL is fabricated, and an approximately 5 nm diamond-like-carbon (DLC) layer for PL protection during the lithography process. Between the plasmonic flying head and rotating disk is the nanoscale air gap or so-called air bearing surface. The typical experimental air gap distance is about 2 nm.
The rotating disk is mainly prepared by sputtering the desired layers on a fused silica disk substrate. The layers on the fused silica disk are deposited by RF magnetron sputtering. The 5 nm thick chromium layer is first deposited as an adhesive layer. Next, the TeO x -based PCM is deposited [8] . The typical thickness of PCM is about 20-30 nm. The sputtering target of PCM is a solid mixture of TeO 2 , Te, and Pd with weight percentages of 80%, 10%, and 10%, respectively. Since the sputtering chamber contains argon and oxygen, the percentages of constituents in the fabricated PCM are expected to be different from that of the sputtering target. An additional chromium adhesive layer with thickness about 2 nm is deposited on top of the PCM layer. Then a silicon nitride (SiN x ) layer with thickness about 4 nm is deposited. During the sputtering process, the series of layers is deposited without breaking the vacuum inside the chamber to ensure the quality of PMC layer and avoid oxidation. After the sputtering process, about 1 nm thick perfluoropolyether (PFPE) lubricant layer is coated on the top surface of the rotating disk. The combination of PFPE lubrication and SiN x disk overcoat can protect the PCM layer from damage during the lithography process.
Some amount of laser energy is lost from the UV laser source before reaching the PL. As shown in Fig. 1 , a prefocusing objective lens is placed between the exit of the optical modulator and the plasmonic flying head to focus the laser energy on the PL. In order to estimate the amount of laser energy loss, values of laser energy are measured at the outlet of the UV laser source and the outlet of the prefocusing lens. Then the transmissivity at the top surface of the sapphire flying head can be calculated from Fresnel equations by using refractive indices of air and sapphire. As a result, it is estimated that about 50% of the energy from the UV laser source arrives at the PL, and the remaining 50% of energy is lost within the optical setup.
The prefocusing lens is used to focus the laser energy on the PL with the spot diameter in the micrometer scale. The refractive index of sapphire along the c-axis is different from the other directions. The focused laser pulse from the prefocusing lens needs to go through the sapphire flying head before arriving at the PL. The anisotropic optical property of sapphire increases the difficulty to predict the exact laser spot diameter right before reaching the PL. Instead of calculating the exact size and profile of laser spot by handling the anisotropy, the spot diameter is estimated from the experimental results. The estimated spot diameter is on the order of one micrometer, and will be discussed further.
The geometry of the PL is shown in Fig. 3 . The PL is fabricated on the chromium film underneath the flying head, and includes concentric ring grooves and center aperture. The PL is designed to effectively focus the laser energy with resolution of tens of nanometers. When the electric field is oriented in the direction specified in Fig. 3 , the focused surface plasmons generate a strong electric field across the narrow gap in the dog-bone shaped center aperture. That small region of strong electric field delivers energy to the rotating disk at high resolution.
A significant portion of the energy from the strong electric field at the center aperture converts to heat inside the PCM and chromium adhesive layers, which have relatively larger absorption indices. When temperature increases to a certain threshold, phase change starts inside the PCM. At this point, the desired patterns are created in the phase-changed region inside the PCM layer. A subsequent development process removes the phase-changed region to create a permanent pattern on the PCM layer [9] . The size and depth of the developed patterns have been measured by atomic force microscopy, which are about 20 nm and 1 nm, respectively, for similar experimental conditions [5] . A microscope image of the plasmonic lithography pattern array is shown in Fig. 4 . It can be seen from this figure that the pattern size increases (seen as a brighter pattern) as the laser power increases. This characteristic will be compared with model results in the Results and Parametric Study section.
Numerical Models
In order to simulate the plasmonic lithography process, both EMW model and HT model are used.
Assumptions. Different assumptions have been made for the electromagnetic wave model and heat transfer model in order to simplify and increase their efficiency.
The laser pulse duration is on the order of 10 À11 s, and the electromagnetic wave period of the UV laser is on the order of 10 À13 s, so the UV laser may be modeled as a harmonic electromagnetic wave with time-dependent electric field magnitude. Thus, the phasor form of Maxwell's equation is used instead of the full transient form. The optical properties used in the electromagnetic wave model are assumed to be constants, with the values of properties evaluated at the frequency of the UV laser. In this lithography experiment, some materials are physically isotropic, and some are isotropic because they were created by sputtering. The sapphire flying head has about 0.5% anisotropy between ordinary ray and extraordinary ray (c-axis); it is assumed that this small anisotropy would only slightly affect the results, so the flying head material is also assumed to be isotropic. Moreover, all the materials are nonmagnetic. By assuming that the flying head material has isotropic and constant optical properties, the laser beam is assumed to be a Gaussian beam with focal point at the center of the PL. In the EMW model, the DLC head overcoat and PFPE lubrication are excluded because they are much thinner than the PL chromium layer. The thin layers on the rotating disk substrate are deposited by sputtering. As a result, the interfaces between layers are not very precise, but they are assumed to be precisely flat in the numerical models. From the drawing of the PL in Fig. 3 , the geometry of the PL is symmetric about the x-axis and y-axis, so the EMW model only solves for one-quarter of the PL.
The output from the EMW model provides the spatial variation of volumetric heat generation within the rotating disk layers, which serves as an input to the HT model. The HT model includes only the rotating disk, not the flying head. The top PFPE lubrication is also excluded from the HT model because of its small thickness. The disk substrate is fused silica which is amorphous and isotropic. The layers on top of the disk substrate, which are deposited by sputtering, are highly disordered and isotropic. Therefore, thermal properties in the HT model can be assumed as isotropic [10] . Moreover, properties in the HT model are also assumed as constants. In crystalline material, thermal energy is carried by phonons, which are quanta of lattice vibrations. However, inside the disordered material, phonon scattering is very likely to be significant [11] ; heat transfer can therefore be treated as a diffusive process, and the parabolic heat transfer equation is used in the HT model. Within the pulse duration, the disk moves a distance on the order of 0.1 nm, and the feature size from the plasmonic lithography is on the order of 10 nm. Therefore, the disk can be assumed stationary relative to the PL.
The top surface of the rotating disk is modeled as thermally insulated, based on two assumptions. First, inside the air gap between the flying head and rotating disk is rarefied gas, so convection is assumed negligible. Second, an estimate shows that conventional radiation heat transfer is also negligible. Radiative energy loss from a 22 nm-radius circular spot with 573 K phasechange temperature to the 298 K surrounding within 12 ps is about 1.0 Â 10 À22 J by assuming black body radiation. The energy required to heat the PCM cylinder from 298 K to 573 K with a typical 22 nm radius and 6 nm height is 5.8 Â 10 À15 J. Since the radiative energy loss is many orders of magnitude smaller than the energy required for heating, it is reasonable to neglect radiation heat transfer. However, it should be noted that this analysis does not account for near-field radiation and the effect of the elevated temperature of the flying head; this is an area for future research.
Flow Chart of Numerical Models. The interrelationship between the EMW and HT models is shown in Fig. 5 . In this figure, the experimental parameters are labeled in green and the calculated variables and material properties are labeled in blue. The governing equations for both EMW and HT models are in purple and the results from the models are in yellow. The desired lithography feature size is in orange in the lower right corner. The arrows show the input and output variables and calculation sequence.
The overall process of simulation is to use the EMW model to determine the resistive heating caused by the laser illumination, then use the resistive heating as the heat source in the HT model to solve for the time-dependent temperature distribution. The desired lithography feature size is determined by the size of the Fig. 3 Plasmonic lens geometry. A single plasmonic lens includes concentric ring grooves and center aperture. The rings help to focus the UV laser excited surface plasmons on the center aperture. When the electric field of the incident laser is oriented in the specific direction, strong electric field is generated across the narrow gap in the dog-bone-shaped center aperture to highly focus the laser energy. phase-change region in the PCM, which can be evaluated from the temperature distribution and the threshold temperature for phase change. As an input for the EMW model, the E-field profile of the illumination laser is obtained from knowledge of the average laser power, laser pulse duration, focus spot size, and energy losses in the optical setup. Resistive heat loss can be calculated from the resolved electric field and refractive indices of materials. The time dependency of laser pulse intensity is represented by a Gaussian distribution. The resistive heating from the EMW model and the Gaussian function provide both the magnitude and time dependency for the time-dependent heat source, which is an input for the HT model. Electromagnetic Wave Model. Since the electromagnetic wave period of the UV laser (corresponding to 355 nm wavelength) is much smaller than the laser pulse duration, the governing equation
which is the phasor form of Maxwell's equation, instead of the full transient form. In Eq. (1), E is the electric field phasor, e 0 and e r are vacuum permittivity and relative permittivity, l r is the relative permeability (equal to one for nonmagnetic materials), r and x are electric conductivity and angular frequency, respectively, k 0 is the magnitude of the vacuum wave vector for the UV laser, and j is the imaginary unit. The complex refractive index is defined as 
Therefore, with the constant properties assumption, Eq. (1) can be written as
Thus, the required optical properties in the EMW model are just the complex refractive indices of materials. Geometries and domains for the EMW model are shown in Fig. 6 , which includes the sapphire flying head, PL, air gap, and the layers on the rotating disk substrate; the figure also shows the corresponding materials. The z-axis is used as a center line for the PL. The boundary conditions of the EMW model are shown in Fig. 7 . Since only one quarter of the PL is included in the numerical model due to symmetry, with the electric field of incident UV laser oriented in the y-axis direction, the xz-plane and yz-plane are set to be perfect electric conductor (PEC) and perfect magnetic conductor (PMC), respectively, to make the electric field perpendicular and parallel to the corresponding boundaries. The equations for PEC and PMC boundaries arê
where H is the magnetic field phasor andn is surface unit normal vector. The remaining four boundaries are set to be scattering boundaries with expression aŝ
In the above equation, E i is incident electric field phasor, k is magnitude of the wave vector, k dir is directional wave vector, and r is position vector. A scattering boundary can be used to generate an electric field with the desired profile and also allows the incoming plane wave to pass through [12, 13] . Therefore, a scattering boundary provides a good approximation for an open boundary in this EMW model. In order to simulate the UV illumination, a certain electric field profile, expressed as Eq. (A1) in Appendix A, is Transactions of the ASME used for the incident electric field profile at the top scattering boundary in Fig. 7 . The incident electric field profiles for the other three scattering boundaries are set to be zero, since no electric field is generated on those boundaries. The numerical software for the EMW model has been validated by comparison with analytical solutions for simple cases, such as a normal incident plane wave on a semi-infinite solid and a multilayer structure.
Heat Transfer Model. The governing equation used in the HT model is
which is the transient parabolic heat conduction equation. In the above equation, T is temperature, t is time, q is density, C p is specific heat, k th is thermal conductivity, and Q is volumetric heat source. Geometries and domains of the HT model can also be found in Fig. 6 but the HT model only includes the layers and substrate of the rotating disk. The plasmonic flying head and the air gap are excluded from the HT model. In the HT model, the change of temperature is driven by the time-dependent and spacedependent volumetric heat source. All six boundaries for the HT model are thermally insulated, which is expressed as Àn Á Àk th rT ð Þ¼0
The HT model has been validated by comparison with the analytical solution for a uniform heat flux over a circular region on the surface of a semi-infinite solid.
Model Inputs. Besides the material properties, the electric field profile and time-dependent heat source need to be calculated as inputs for the EMW model and HT model.
The UV laser illumination is represented by the boundary electric field profile, which is a needed input to the EMW model. Given the known laser power, pulse duration, and FWHM focused laser spot diameter, the electric field distribution can be derived as shown in Appendix A, to yield the incident electric field profile for the top scattering boundary in Fig. 7 .
Similarly, the time-dependent and space-dependent resistive heating is a needed input to the HT model. This can be related to the electric field solution from the EMW model, as shown in Appendix B, to give time-dependent heat source from the timeindependent resistive heating.
Input parameters for both models can be categorized into either material properties or operating parameters. Material properties include real and imaginary part of refractive indices, densities, specific heats, and thermal conductivities. Material properties for both models are available in the literature except those for the PCM layer [14] [15] [16] [17] . The complex refractive index of the PCM at 355 nm wavelength was measured by multi-angle ellipsometry and found to be 3.34 -j2.93. The density and specific heat of PCM were estimated by the composite rule based on the constituent percentages of the PCM sputtering target. The estimated volumetric heat capacity, qC p , is 2.32 Â 10 6 J/(m 3 K). The thermal conductivity of the PCM was measured by the differential 3x method and found to be 1.12 W/(mÁK) with uncertainty about 25%. In the later discussion, the uncertainty of the PCM thermal conductivity is shown to have an insignificant effect on the lithography result.
Operating parameters include the PCM and other layer thicknesses, air gap distance, laser power, pulse duration, and focused laser spot size. All of the material properties and operating parameters are summarized in Table 1 . Values in this table are used as the "base case" in the parametric study. Besides the focused laser spot size, all parameters are set to be equal to those in the typical experimental condition. The unknown focused laser spot size is estimated by comparing numerical and experimental results for a typical condition, as explained below.
Results and Parametric Study
The domain size, grid refinement, and time step size have been investigated in order to obtain high accuracy of the numerical solution. The domain size of the numerical model was shown to be large enough to eliminate any boundary effect in the numerical solution of the phase-change region. The grid and time step were refined until the numerical solution became independent of the grid and time step.
The time-dependent heat source for the HT model can be calculated based on the resistive heating and laser pulse duration (Eq. (B3) in Appendix B). The heat source distribution at the top surface of the PCM layer is shown in Fig. 8 . In this figure, the time-dependent heat source is evaluated when the laser pulse reaches its peak value. The origin of this figure corresponds to the point below the center of the PL. By inspection, electromagnetic energy from the laser pulse is focused in a region within tens of nanometers right below the center of the PL, as desired.
The temperature distribution of the PCM after three standard deviations of time from the center mean time of the Gaussian laser pulse is shown in Fig. 9 . The isotherm at the phase-change threshold temperature (573 K) is also plotted. The upper plot in this figure is the temperature distribution at the top surface of the PCM layer, which is parallel to the xy-plane. The lower plot is the temperature distribution at the xz-plane cross section of the PCM layer. For the lower plot, the z-axis starts at the top surface of the PCM layer to show the thermal penetration depth. The region enclosed by the 573 K isotherm has high enough temperature to cause phase change. Since phase change is an irreversible process, the determination of whether or not phase change occurs must be made based on the maximum temperature reached at a specific location. Since the maximum temperatures are not all reached at the same time, isotherms from each time step are overlapped together to determine the phase-change region; the 573 K isotherm at the end of the laser pulse in Fig. 9 is approximately, but not exactly, the same size as the phase-change region. Fig. 8 Heat source distribution at the top surface of PCM layer. This heat source profile is captured when the laser pulse reaches its peak value. This figure shows the strong focusing effect of the PL. Because the focused laser spot size before reaching the PL is unknown, different values of focused spot diameters are used to calculate the corresponding feature sizes, specifically the radius of the phase-change region at the top surface of the PCM layer. The calculated feature sizes are compared with the experimental result for the base case condition to estimate the reasonable focused spot size in the experiment. The calculated feature radius as a function of focused laser spot size is plotted in Fig. 10 . Since feature size from the experiments is 22 nm [5] , the typical focused laser spot diameter is expected to be about 1 lm based on this figure. The estimated spot diameter is the same order of magnitude as expected in the earlier discussion. Figure 10 shows an inverse relationship between focused spot size and feature size, which may at first seem counterintuitive. Keeping in mind that the total energy contained in the laser pulse is held fixed, a smaller focused spot size provides higher energy flux directly to the center aperture of the PL. As a result, more energy comes out from the center aperture to enhance the temperature rise in the PCM layer, so the feature size becomes larger.
Next, a parametric study is performed for both operating parameters and PCM layer material properties. For the variables that are varied in the parametric study, Table 2 shows the base case values and the ranges over which they are varied. Operating parameters or material properties are varied one by one, keeping all other parameters fixed at their base case values, and the effect on feature size is shown. In discussing the results, it is useful to keep in mind that smaller feature radius and larger feature depth are often desired for the lithography process.
The effects of operating parameters on feature radius and depth are shown in Fig. 11 . In this figure, the horizontal axis is the ratio of the operating parameter to its base case value. In some cases, the reciprocal of the operating parameter is used to make the feature radius plot (upper plot in Fig. 11 ) have positive slopes. This makes it easier to compare the relative importance of parameters. As an example, laser pulse duration is one of the varied parameters for which the reciprocal is used, as indicated in the legend. Therefore, a value of 1.4 means that the laser pulse duration is 1.4 times smaller than the base case value. Note that feature radius increases with increasing laser power in accordance with the experimental trend shown in Fig. 4 .
From inspection of Fig. 11 , feature radius can be reduced for higher-resolution plasmonic lithography by reducing or increasing certain parameters but the feature depths are also reduced simultaneously for almost all the parameters. The one exception to this is the PCM layer thickness. A thinner PCM layer has a negligible effect on reducing the feature radius but dramatically increases the feature depth. Therefore, it may be possible to obtain smaller feature radius with the same feature depth. One possible approach is to reduce both average laser power and PCM layer thickness. As an example, by changing the PCM thickness and average laser power to become 40% and 79% of their typical values, respectively, the feature radius changes from the typical 22 nm to about 15 nm with the feature depth unchanged. Physically, electromagnetic energy reflects at the bottom interface of the PCM layer. A thinner PCM layer absorbs less electromagnetic energy, allowing more electromagnetic energy to go through its thickness and reflect back to the PCM layer to be reabsorbed. Therefore, additional resistive heating takes place near the lower interface of the PCM layer to cause larger temperature rise at the bottom without significant effect on the region near the top surface. Similarly, feature radius and depth are shown in Fig. 12 as functions of the PCM layer properties relative to their base case values. These results can be used either to account for the uncertainties in the assumed properties or to explore the effect of using a different material. From this figure, the volumetric heat capacity of the PCM layer, qC p À Á PCM , has the largest effect on both feature radius and depth. Although volumetric heat capacity is not expected to vary dramatically for solids, it may still be worthwhile to determine the constituents and their percentages more accurately for the PCM layer instead of estimating them from the PCM sputtering target. As stated previously, the uncertainty of the PCM thermal conductivity only slightly affects feature radius and depth, because the thermal diffusion process takes much longer than the laser pulse duration. Observing the effect of the PCM refractive index, it appears that reducing the real part can lead to a smaller feature radius and larger feature depth. This suggests the possibility of improving the performance of plasmonic lithography by replacing the current TeO x material with a different material having a smaller real part of the refractive index.
Conclusion
A model of the plasmonic lithography process has been developed that encompasses an electromagnetic wave model and a heat transfer model. Results from the numerical model confirm the strong electromagnetic energy focusing capability of the plasmonic lens with resolution in tens of nanometers as expected from the experimental result. Parametric studies for operating parameters and material properties are performed to optimize the lithography process and account for the uncertainties in material properties. Results are presented for the lithography feature radius and depth. These results suggest that the thickness of the phase-change material layer should be reduced for higher lithography resolution. Another option for higher resolution is to use a phase-change material with a smaller real part of the refractive index. Thus, the numerical model provides trends that suggest ways to optimize the plasmonic lithography process. For evaluating the time-dependent heat source in the HT model, both time-independent resistive heating from the EMW model and Gaussian pulse function of time are used in the calculation. First, consider the steady harmonic resistive heating from the EMW model, which is
In the above equation, J is current density phasor, and angle brackets, h i, represent time average. By separating the real and imaginary parts, the complex refractive index is n c ¼ n À jk i . With J ¼ rE and Eq. (2), the steady harmonic resistive heating in Eq. (B1) can be written as Q rh x; y; z ð Þ¼ nk i xe 0 l r E j j 2 (B2) By inspecting Eqs. (A10), (A13), and the above equation, the time dependency of the square of electric field magnitude is the same as that of the laser energy flux, and also the same as that of resistive heating. Therefore, the transient harmonic resistive heating is used as the transient heat source in the HT model, and its expression is Q x; y; z; t ð Þ¼Q rh x; y; z ð ÞÁg p t ð Þ (B3)
